Allovectin (velimogene aliplasmid) is a cancer immunotherapeutic currently completing a pivotal phase 3 study for metastatic melanoma. Consisting of a bicistronic plasmid encoding both major histocompatibility complex (MHC) class I heavy and light chains (HLA-B7 and b2-microglobulin, respectively) formulated with a cationic lipid-based system, it is designed for direct intratumoral administration. Following injection into a single lesion, the product is intended to induce anti-tumor immune responses against both treated and distal lesions. Both the plasmid and lipid components of Allovectin contribute to the biological activity of the drug product, and its therapeutic activity is hypothesized to derive from multiple mechanisms of actions (MOAs). These include the induction of both cytotoxic T-cell and innate immune responses directed against allogeneic as well as tumor-derived targets, consequences of both an increased MHC class I expression on tumor cells and the induction of a localized immune/inflammatory response. In this paper, we review Allovectin's proposed MOAs, placing their contributions in the context of anti-tumor immunity and highlighting both preclinical and clinical supporting data.
INTRODUCTION
Melanoma accounts for a minority of skin cancer diagnoses but at the same time results in the great majority of skin cancer deaths. Incidence trends have steadily increased for the last several decades to a 2012 estimate of over 76 000 diagnoses and 9000 deaths in the United States alone. 1 Encouragingly, two new therapeutic options were recently approved based on survival benefits, the small molecule vemurafenib (Zelboraf), which targets the BRAF V600E mutation, 2 and the monoclonal antibody ipilimumab (Yervoy), which binds to and blocks CTLA-4 (CD152). 3 Unfortunately, these new therapies are also associated with an increased risk of adverse events, and further investigation is needed to identify additional therapies as well as combinational approaches. It is encouraging then that the momentum towards new treatment options continues with other therapeutics in advanced clinical trials, among these velimogene aliplasmid (Allovectin). 4 Allovectin is an investigational plasmid DNA (pDNA)-based immunotherapy administered into a single tumor lesion. It consists of a plasmid (VCL-1005) formulated with a cationic lipid-based system. VCL-1005 is a bicistronic pDNA encoding two transgene proteins, a major histocompatibility complex (MHC) class I heavy chain (HLA-B7) and the light chain common to class I molecules, b2-microglobulin (b2M). A mixture of a cationic lipid (dimyristyloxypropyl-3-dimethyl-hydroxyethyl ammonium; DMRIE) and a neutral lipid (dioleoyl phosphatidylethanolamine; DOPE) is formulated with VCL-1005 to yield the drug product, a pDNA/lipid complex suspension.
A review of Allovectin's clinical development history was recently published. 5 Highlights include a phase 2 study in advanced metastatic melanoma patients (stages III and IVa/IVb) that showed a good safety profile, an 11.8% response rate and a median overall survival of 18.8 months; 6 a phase 3 trial in chemonaive, recurrent metastatic melanoma patients completed enrollment and as of this writing is in the patient follow-up stage. 5 In this paper, we review the possible biological activities that underlie Allovectin's anti-tumor activity, using preclinical study data to illustrate key points.
PROPOSED MECHANISMS OF ACTION (MOAs)
Allovectin is designed to stimulate both innate and adaptive immune responses and as a result to induce both loco-regional and systemic anti-tumor effects. Three MOAs are believed to underlie this immunotherapeutic activity: the induction of cytotoxic T-cell (CTL) responses directed against an allogeneic target (HLA-B7) introduced on tumor cells, the induction of CTL responses directed against tumor antigens (following restoration of MHC class I expression), and the induction of innate immune/ inflammatory responses. These responses can be divided into two broad groups: transgene-related and pDNA/lipid-related.
Transgene contributions
The original concept behind Allovectin's design was to introduce an allogeneic target onto tumor cells, a concept that originated in murine studies, demonstrating that the expression of allogeneic MHC on tumor cells rendered these cells susceptible to immunemediated destruction. 7 The intratumoral administration of Allovectin is intended to facilitate VCL-1005 access to and uptake by cancer cells; the resulting expression of the plasmid's two transgenes by cancer cells should result in presentation of HLA-B7/b2M complexes on the surface of these cells. HLA-B7 complexes expressed on tumor cells in HLA-B7-negative patients would then be recognized as a foreign allele, allowing for a T-cell-based allogeneic response directed against the tumor. According to an online database of gene frequencies, 8 B85% of the human population is negative for HLA-B7 alleles and therefore could be susceptible to this mechanism of action.
VCL-1005 should lead to efficient expression of HLA-B7 on the cell surface as both the heavy and light chain of a complete HLA class I molecule are provided. Increased expression of b2M in transfected cancer cells, however, could also have additional effects. By combining with MHC class I heavy chains present endogenously within the cell, b2M could enhance the expression of multiple class I alleles on the cell surface, alleles beyond simply HLA-B7. MHC class I molecules assemble intracellularly as heavy and light chains combine, and following correct folding and peptide loading they are exported to the cell surface. 9 In the absence of b2M, most heavy chain molecules remain within the cytoplasmic compartment and eventually degrade;
10 transfection with VCL-1005 could rescue these heavy chains and allow for their export as peptide-loaded HLA complexes.
Restoration of tumor cell MHC class I expression is very desirable as class I down-regulation is a common mechanism by which tumors evade immune surveillance. 11 Reduced expression of MHC class I, and in particular HLA-B, has been long been recognized in human melanomas, [12] [13] [14] [15] and as CTL activity directly correlates with the level of class I surface expression, this results in poor anti-tumor immune responses. 16 Restoration of MHC class I expression might therefore correct the inability of CD8 þ T cells to recognize tumor cells, as class I expression on melanoma biopsies has been positively correlated with T-cell infiltration, 17 with both thinner lesions and a more favorable disease stage, 13, 18 and with slower time to disease progression and longer survival. 18, 19 Enhancing b2M expression in tumor cells should be a particularly efficient means of restoring MHC class I expression, as b2M defects appear to underlie much of the class I deficiency in melanoma. For example, deletions and mutations have been observed in several melanoma-derived cell lines resulting in the loss of b2M translation, while transfection with a wild-type b2M restores MHC class I expression to these cells. [20] [21] [22] [23] Loss of b2M also appears to underlie the immune resistance that develops in some melanomas following immunotherapy. 22, 24 Restoration of MHC class I expression on tumor cells, be it HLA-B7 or endogenous alleles, would then allow for the presentation of tumor antigens to CTL. While it has long been recognized that tumor cells can express unique antigens that represent potential T-cell targets, 25, 26 it is believed that inherently low antigenicity on the part of the antigen and/or poor MHC presentation on the part of the cell limits their impact on anti-tumor immune responses. Immunotherapeutic approaches based on the transfer of tumorinfiltrating lymphocytes, or more recently on T cells transfected with chimeric antigen receptors, aim to improve the anti-tumor antigen CTL response to a degree where clinical benefit is achieved. 27 Allovectin immunotherapy seeks the same goal, in this case not by manipulating the responder cell population but rather the target cell population.
Plasmid backbone and lipid contributions
The rationale for using a cationic lipid-based formulation in Allovectin originated in the well-established literature demonstrating the benefits of such systems for pDNA delivery. These benefits can include DNA protection from nuclease degradation and plasmid condensation into structural units appropriate for cellular internalization and processing. 28 The lipids used in Allovectin (DMRIE and DOPE) differ from those used in the first clinical trial to deliver HLA-B7 genes to tumors 29 and were selected based on their improved ability to deliver pDNA to cells as well as their superior stability. 30 Allovectin's lipid-based formulation, however, may provide other benefits in addition to pDNA delivery. Cationic lipid/pDNA complexes are very efficient at enhancing innate immune responses. 31 They stimulate the production of Th1-like cytokine profiles from macrophages, dendritic cells and natural killer (NK) cells [31] [32] [33] [34] and can induce anti-tumor activity with long-term systemic protection, responses not seen when either pDNA or lipid are administered alone. 31, [34] [35] [36] The MOA appears to encompass both innate and adaptive immune responses, as both NK cells and CD8 þ T cells are involved. Some of the immune activating ability of cationic lipid/pDNA complexes may come from the pDNA. Plasmids are produced by a bacterial fermentation process and therefore, like bacterial DNA, contain unmethylated CpG sequences (cystosine-guanine dinucleotides separated by a phosphate group), which are relatively rare in mammalian cell DNA. When situated in an appropriate sequence motif unmethylated CpG form an immunostimulatory sequence recognizable by Toll-like receptor 9, 37, 38 and upon binding to Toll-like receptor 9 on dendritic cells trigger the production of proinflammatory cytokines and a general activation of the innate immune response. 39 However, it is clear that not all the proinflammatory response induced by cationic lipid/pDNA complexes is due to CpG motifs, as these complexes are meaningfully more active than either the lipid or pDNA components alone, 31 as even mammalian DNA can stimulate murine macrophages to secrete tumor necrosis factor-a when delivered as cationic lipid complexes, 32 and as these effects are not entirely dependent on Toll-like receptor 9.
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Taken together, the pDNA structural motifs and cationic lipid complexes present in Allovectin are expected to create a proinflammatory environment that favors cellular recruitment and activation, and as a consequence tumor destruction. A further connection can also be made to Allovectin's transgene-mediated MOAs. Cationic lipid/pDNA complexes (but not pDNA or lipid alone) directly enhance endogenous MHC class I expression. 41 This is likely a result of the cationic lipid-induced cytokine production previously described. Interestingly, MHC class I down-regulation in melanoma cells can be driven in part by the down-regulation of components of the antigen processing machinery and in many cases this can be overcome by cytokine (for example, IFN-g) stimulation. 15, 42 The proinflammatory environment created by Allovectin could encompass increased cytokine stimulation of tumor cells and thus an additional means of increasing endogenous MHC class I expression on tumor cells, independent of but complementary to the delivery of HLA-B7 and b2M genes.
PRECLINICAL DATA EXAMPLES Plasmid optimization
The first clinical tests of plasmid-directed HLA-B7 expression as a cancer immunotherapy used a plasmid that encoded only the heavy chain of the MHC molecule. 29 While encouraging results were obtained, including demonstrations of HLA-B7 expression and immune responses directed against HLA-B7 as well as autologous melanoma cells, addition of a plasmid-directed b2M expression was considered as a means of improving MHC expression levels.
The advantage of HLA-B7 and b2M co-expression can be demonstrated in vitro by transfecting cells with either VCL-1004 (a monocistronic plasmid encoding only HLA-B7) or VCL-1005 (the bicistronic plasmid component of Allovectin encoding both HLA-B7 and b2M). Transfection of a cell line deficient in endogenous b2M expression (such as the murine cell line VM92) with VCL-1004 leads to a relatively low-level expression of HLA-B7 on a minority (13%) of cells (Table 1) , whereas VCL-1005 yields not only a greater number of positive cells (60%) but also a fourfold higher level of cell surface HLA-B7. When a cell line expressing b2M (such as the human cell line 293) is used, VCL-1004 is very efficient at increasing the number of HLA-B7 expressing cells, as would be expected, for example in this study from 63% in controls to 93%. VCL-1005 is moderately more effective, with 98% of cells now expressing HLA-B7; however, the more striking result is that these cells now express HLA-B7 at markedly higher levels as compared with cells transfected with VCL-1004. These data illustrate one of the values of co-transfection with both HLA class I chains, namely that b2M can not only increase the number of class I positive cells but also their level of MHC expression. This last point is particularly important as the density of HLA class I expression on melanoma cells has been shown to be directly proportional to the sensitivity of these cells to CTL lysis. 16 Anti-tumor effect in a murine melanoma model The ability of Allovectin to generate an anti-tumor effect was first explored in mouse tumor models, and in particular a commonly used model where a murine melanoma cell line (B16-F10) is implanted subcutaneously on the hind flank of C57BL/6 mice (the parental strain for this tumor) in order to generate a lesion that can then be directly injected with control or test articles. B16-F10 cells are an ideal system for testing Allovectin's proposed MOAs as these cells are poorly immunogenic due to, at least in part, a b2M deficiency. 43 The cells do, however, express tumor antigens (apparently of retrovirus derivation), 44 and if MHC class I expression can be restored, such as by IFN-g stimulation, 43 the cells become susceptible to both CTL and non-MHC-restricted cell lysis.
An example of a proof-of-concept study conducted with Allovectin in this model is shown in Figure 1 . An Allovectin dose of 100 mg reduces the rate of tumor growth when delivered for 2 consecutive days, an effect only slightly increased when treatment duration is increased to 4 or 6 days. Studies such as this formed the basis for subsequent work in which other immunotherapies were combined with Allovectin in order to test for additive or synergistic responses.
Allovectin and anti-CTLA-4 co-treatment One of the immunotherapeutics approved in 2011 for treatment of late-stage melanoma was the anti-CTLA-4 monoclonal antibody ipilimumab (Yervoy, Bristol-Myers Squibb, New York, NY, USA). When CTLA-4 expressed on T cells binds to CD80 or CD86 (for example, on antigen presenting cells), a T-cell inhibitory signal is generated. 45 CD28, also expressed by T cells, likewise binds to CD80 and CD86; however, this binding leads to the opposite effect, the generation of an activation or costimulatory signal. [46] [47] [48] Blocking CD152 activity with antibodies such as ipilimumab, therefore, favors T-cell activation in two ways. First, it reduces the generation of an inhibitory signal. Second, by freeing CD80 and CD86 for binding to CD28, it enhances the opportunity for costimulation. ), animals were randomized to receive either saline (100 ml qdx6) or Allovectin (100 mg in 100 ml qdx2, 4 or 6). Tumor volume was then followed using caliper measurements and plotted vs days post-treatment. ), animals were randomized to treatment groups (day 1). Groups included: Allovectin (100 mg) plus 9H10 (hamster anti-murine-CTLA-4) or SHG-1 (hamster IgG control), VCL-1005 (100 mg) plus 9H10 or SHG-1, DMRIE/DOPE (43 mg, the same lipid mass present in 100 mg Allovectin) plus 9H10 or SHG-1, a no treatment control, and a 9H10 alone group. Allovectin, VCL-1005 and DMRIE/DOPE were delivered intratumorally as 50 ml volumes on days 1-4; 9H10 and SHG-1 were delivered intraperitoneally as previously described. 49 Tumor volumes were determined using calipers every 3 days; animals were euthanized if moribund or when tumors exceeded 1000 mm The hamster anti-murine CD152 antibody 9H10 acts in a manner consistent with ipilimumab when examined in B16 tumor models. Delivered alone it has minimal effect on tumor growth, as few anti-tumor-reactive T cells are available for activation in this model. However, if an anti-tumor response can be triggered using a different immunotherapeutic approach, 9H10 will enhance the activity of that response (for both CTL and NK cells). 49 A combined treatment approach using both Allovectin and anti-CTLA-4 antibody should therefore yield similar results if the MOAs proposed for Allovectin are indeed correct, with Allovectin serving to generate an anti-tumor response that can then be enhanced by CTLA-4 blockade.
The results of such a study are shown in Figures 2-4 . B16-F10 tumors established on the flanks of C57BL/6 mice were directly injected with either Allovectin, VCL-1005 plasmid (without lipid formulation) or the lipid co-mixture DMRIE/DOPE (without pDNA), while at the same time animals received intraperitoneal injections of either 9H10 or a control antibody (an irrelevant hamster IgG). A control group received neither intratumoral nor intraperitoneal treatments. In the absence of anti-CTLA-4 treatment, Allovectin was the most effective treatment at reducing tumor volume relative to controls (Figure 2 , Po0.001). VCL-1005 plasmid without lipid had a marked early anti-tumor effect; however, this was soon outpaced by renewed tumor growth, consistent with the need for a lipid formulation to maximize VCL-1005's anti-tumor activity. Finally, DMRIE/DOPE lipid on its own had relatively little effect, the expected result for a cationic lipid not complexed with pDNA. 31, [34] [35] [36] The same basic relationships between Allovectin and its individual components were also seen when animals were cotreated with anti-CTLA-4; however, the net contribution of systemic anti-CTLA-4 treatment varied depending on the treatment injected intratumorally. The ability of Allovectin to reduce tumor volume (Figure 3b , Po0.001) and improve survival (Figure 4b , Po0.001) relative to controls (Figures 3a and 4a) was enhanced by the addition of anti-CTLA-4 treatment, resulting in a synergistic effect with the combined immunotherapies (Po0.001) starting around treatment day 11. This timing is consistent with a two-step model whereby Allovectin first induces a tumor-reactive T-cell repertoire followed by anti-CTLA-4 activation of these cells. The similar but less pronounced ability of VCL-1005 plasmid to reduce tumor volume (Figure 3c , P ¼ 0.014) and increase survival (Figure 4c , P ¼ 0.013) relative to controls was also enhanced in a synergistic manner (Po0.001) by anti-CTLA-4 antibody; this too was noticeable starting at about day 11, similar to the Allovectin plus 9H10 group's response. Finally, a combination treatment of DMRIE/DOPE and anti-CTLA-4 achieved a small but statistically significant tumor volume reduction by day 4 (Figure 3d , P ¼ 0.025); a trend towards improved survival was seen (Figure 4d ) but did not reach the level of statistical significance. A modified two-step model can be proposed in this case, with DMRIE/ DOPE acting to induce an inflammatory response, which includes the recruitment of pre-existing immune cells, a response that on its own is insufficient for meaningful tumor killing but which can be boosted when combined with anti-CTLA-4. No real lag period is required before this anti-CTLA-4 effect can initiate, unlike with Allovectin and VCL-1005 where about 1-2 weeks is required during which a more optimally effective CTL response is generated. The lipid-recruited effector cells may be CTL, or more likely NK cells, as CTLA-4 blockade has been shown to stimulate NK cell-dependent killing in B16 models. 49 Data from this study are supportive of the multiple MOA model proposed for Allovectin, as the results observed are in agreement with many of the individual components of that model. In addition, the data agree with the developing concept that anti-CTLA-4 therapies, while effective on their own, may be more effectively employed in combination with other treatments that induce immune system activation via distinct but complementary means. 50 Blocking antibodies directed against programmed death 1 protein (PD-1, CD279) or its ligand PD-L1 (CD274), which have recently shown clinical promise as cancer immunotherapeutics, 51, 52 are also likely to synergize with Allovectin, as their MOAs are similar to anti-CTLA-4 (that is, blockade of T-cell inhibitory signals).
Plasmid biodistribution in mice In the ongoing phase 3 study, patients received 6 weekly injections of Allovectin (2 mg delivered to a single lesion) followed by a 2-week rest period, then repeated this cycle after the 8-week period was complete. This regimen was designed in order to maximize the exposure of treated lesions to Allovectin. A study conducted in mice to follow plasmid persistence and biodistribution from injection sites supports this concept of using repeat injections in order to maintain local exposure, as it demonstrated that VCL-1005 steadily clears from injection sites without accumulating in distal tissues or organs.
CD-1 mice, evenly divided by sex, were injected subcutaneously over the left quadriceps on day 1 with either Allovectin (10 mg in a 25 ml volume) or vehicle. Tissue samples were taken at four time points spaced over a 2-month period, and VCL-1005 was quantified in tissue lysates using a quantitative PCR (qPCR) assay with a limit of detection (LOD) of 10 plasmid copy numbers (PCN) mg -1 DNA and a lower limit of quantification (LLOQ) of 50 PCN mg -1 DNA. Plasmid was undetectable in all samples taken from vehicletreated animals throughout the study, the expected result for this control group. For Allovectin-treated mice, VCL-1005 was consistently detectable at quantifiable levels in injection site skin and (to a lesser degree) in bone marrow; by contrast, plasmid levels were consistently oLLOQ in blood, brain, gonads (ovaries and testes), heart, kidneys, liver, lungs, mesenteric lymph nodes, untreated skin and spleen (save for two untreated skin and one brain sample, presumably the result of cross-contamination). All injection site samples were 4LLOQ at the first three time points, with group means of 1. The presence of VCL-1005 plasmid at Allovectin injection sites is of course expected. The presence of plasmid in bone marrow samples is most likely a consequence of immune cells acquiring plasmid at the injection site and subsequently trafficking to the bone marrow as part of their normal recirculation pathways. [53] [54] [55] Alternatively, free plasmid (rather than plasmid-containing cells) could have traveled to the bone marrow via the bloodstream; however, this scenario seems very unlikely as plasmid was undetectable in blood and highly vascularized organs (for example, liver, kidney, heart, lung).
In addition to the biodistribution study end points, a defined set of toxicology end points was also evaluated, allowing for the conclusion that Allovectin administration was well tolerated in this study. All animals survived to scheduled euthanasia, there were no treatment-related clinical observations or changes in body weights, and no test article-related observations were made at gross necropsy. The most obvious Allovectin-related finding was seen during microscopic examination of harvested tissues, namely a slightly increased incidence and/or severity of mixed cell infiltration at injection sites on day 3. This increased infiltration, an expected finding based on Allovectin's proposed MOAs, resolved with time as it was not seen at subsequent time points.
CLINICAL DATA SUPPORT
The multiple MOAs proposed for Allovectin are supported not only by preclinical data but also by patient data gathered during the clinical development of this investigational immunotherapy. The most direct supporting evidence is that HLA-B7 expression can be detected in Allovectin-treated lesions biopsied from HLA-B7-negative patients, and that this is accompanied by an increase in tumorinfiltrating lymphocytes. [56] [57] [58] These tumor-infiltrating lymphocytes contain HLA-B7-specific CTL, NK cells and lymphokine-activated killer (LAK) cells [56] [57] [58] that when examined in vitro are capable of lysing both autologous melanoma cells and NK cell targets. 56 In addition, the erythema and edema observed in injected lesions 6 are consistent with the expected inflammatory response induced by cationic lipid/ pDNA complexes. The regression of distal non-injected lesions and as well as the development of vitiligo 6, 56 are indicative of the development of systemic responses, and responses in both HLA-B7-positive and -negative patients 6 are in agreement with the induction of anti-tumor (rather than simply allogeneic) responses. Finally, the increased CD80/86 expression observed on dendritic cells in and around Allovectin-treated lesions 56 suggests that these costimulatory molecules contribute to Allovectin's immunotherapeutic effect, and so add credence to the hypothesis that combined Allovectin and anti-CTLA-4 treatment of advanced melanoma represents a promising avenue for exploration.
SUMMARY
Allovectin is proposed to act through multiple MOAs that draw from all its components: the plasmid, the lipid formulation and both pDNA-encoded transgenes. Together, they combine to increase immune recognition and destruction of cancer cells within the injected tumor lesion as well as at regional and distal metastases. Continued development of this drug product holds promise for a new immunotherapeutic option for advanced melanoma, one that functions through a set of mechanisms unique from, but complementary to, existing therapeutic approaches.
